Open doorways cause draughts and heat loss, and air curtains are used to reduce these problems. Typically passenger traffic doorways are equipped with a horizontal type air curtain. The performance of the air curtain depends on the leakage characteristics of the envelope, weather conditions and the characteristics of the jet and nozzle used. The goal of this study was to measure the tightness of two different types of horizontal air curtain: one-sided horizontal and two-sided. The tightness of an air curtain is defined as its ability to reduce infiltration in comparison to an unprotected door. The momentum of the jet along the nozzle was kept constant. In both air curtain types the width of the nozzle was 10 mm, which is a typical value in factory-made air curtains. The discharge angle and the jet velocity were changed to find the maximum tightness value. Measurements were taken in the doorway (height 2.0 m, width 1.8 m) of a laboratory hall (height 8.3 m, volume 453 m 3 ). We measured the tightness of the air curtain with a concentration decay method using a gas analyzer and nitrous oxide tracer gas, and kept the mixing fan on during the whole measurement to maintain the complete mixing of the tracer gas and to reduce stratification of the indoor temperature. In total 28 tests were carried out, the measuring time being 10 min per test. The indoor temperature at the beginning of the each test was 21°C; the outdoor temperature varied between 0°C and -20°C. In the two-sided air curtain the maximum tightness was only 44 %. In the one-sided air curtain the highest tightness value measured was 57%. Both these values were lower than expected, which had a strong effect on the payback time calculations and thermal conditions near the doorway.
Introduction
Air curtains are used to reduce heat loss and draughts. They are also used to protect work places against impurities or to reduce the spreading of cigarette smoke in restaurants. The first vertical recirculating air curtain was supposedly introduced in the USA in 1916 1 . Air curtains are either vertical or horizontal depending on the direction of the air jet. Vertical upward blowing air curtains are used in large industrial doorways, whereas vertical downward blowing air curtains are typical solutions in the doorways of cold rooms. Horizontal air curtains are used in industrial doorways and entrances. Air curtains can be of either a recirculating or non-recirculating type. Vertical downward blowing air curtains are also used in entrances and in large industrial doorways because of their low price and easy installation. The downward blowing air curtain is not suitable for the prevention of draught because this type of air curtain inflicts air currents and draught above the floor level in front of the doorway. In the doorways of cold rooms, both the vertical and horizontal air curtains achieve almost the same tightness level. The effects of the air curtains on the reduction of the air leakage through the doorway have been 36 -86 % with vertical air curtains and 29 -82 % with horizontal air curtains 1-3 . Although horizontal air curtains are very common in passenger traffic doorways, studies concerning the functioning and tightness of the horizontal air curtains were performed nearly 30 year ago and are more or less restricted to the doorways of cold rooms.
The dimensioning of the air curtain is based on the balance between the jet momentum flux and the pressure difference in the doorway. There are also some facts which should be observed, for example, the location of workplaces in relation to the doorways, the spread of dust, the permitted noise level, maximum discharge velocity, and the installation space. The pressure conditions in the doorway depend on the temperature difference between the indoor and the outdoor air, the tightness of the envelope of the building, the location and size of the leakage paths, wind conditions and the balance of the mechanical ventilation system. Temperature difference creates pressure distribution across the building facade ( fig. 1 ). The distance from the floor, where the pressure difference across the facade is zero, is called the neutral pressure level. In a building, the neutral pressure level is driven to the height where the air balance is being fulfilled. Wind conditions and the flow field near the building changes rapidly and randomly. Depending on its direction, wind creates local over or under pressure on the facades compared with a static situation. Mechanical ventilation raises or lowers the neutral pressure level depending on the ratio of the supply and exhaust ventilation rates. The momentum of the jet depends on the discharge velocity, the area of the nozzle, the discharge angle between the doorway and the air jet, and the density of the discharge air, i.e., the temperature of the jet. The most significant difference between the vertical and horizontal air curtain dimensioning is the treatment of the pressure distribution. In vertical blowing, the pressure difference is equal along the nozzle and changes when the distance from the nozzle increases. The momentum of the jet can be calculated using the impulse-momentum theorem 4 . In horizontal blowing, the pressure distribution changes along the nozzle, but does not depend on the distance from the nozzle. Usually the momentum of the horizontal air curtain jet is equal along the nozzle, and the impulse of the jet is in balance with the acting pressure difference at only one point in the nozzle. Elsewhere, the momentum of the jet is too large or too small compared with the pressure difference, and the jet curves inwards or outwards, increasing air leakage and heat loss.
The aim of the study was to measure the tightness of the horizontal air curtain in the doorway of the warmed building in typical winter conditions for the purpose of the energy calculations and dimensioning of horizontal air curtains. Because the dimensioning methods of horizontal air curtains 5-7 are incomplete, the parameters of the jet in the test were partly selected by a trial and error method.
Material and methods
The tightness of the air curtains was measured at the doorway of the test hall, the volume of which was 453m The nozzles of the air curtain were mounted inside the vestibule at both doorways, but only either the inner or outer nozzle was used at one time. A dual air curtain system (both inner and outer air curtain on together) was not tested. The blowing air was taken over the vestibule inside the test hall. The air flow rate of the air curtain was adjusted with a frequency converter. The tightness of the air curtain was measured with a tracer gas (N 2 O) by using a tracer gas analyzer (B&K 1302/1303) and decay method 8-9 . The mechanical ventilation system of the test hall was kept off during the tests. Supply and exhaust ducts were shut off with automatic valves. The tracer gas was supplied from the tracer gas bottle through a pressure regulator to the mixing fan outlet. The mixing fan was kept on during the test period. Without forceful mixing, there was considerable vertical temperature stratification inside the hall, and the local tracer gas concentrations differed substantially from each other. The tracer gas concentration was measured at three points, at distances of 1, 3 and 5 meters from the floor level in the middle of the test hall ( fig. 2 ). An adequate amount of measurement points was ensured through a reference measurement using six concentration measuring points. Before the tracer gas was supplied, the temperature of the test hall was adjusted to +21°C with the air conditioning unit of the test hall. The air conditioning unit was stopped when the indoor temperature was 21°C in the middle of the hall at the height of three meters and when the temperature difference between the floor and ceiling level was below 0,5°C. The tracer gas was supplied to the hall at 1 minute periods, after which the tracer gas was given eight minutes of mixing in order for the gas analyzer to get at least four samples at each of the three measuring points. The discharge angle and velocity of the air curtain were adjusted and started before the tracer gas was supplied. After the tracer gas was steadied, we opened the door. It was kept open for ten minutes so that the gas analyzer got at least six samples at each measuring point. After the door was closed, we started the air conditioning unit and the temperature of the test hall was restored to 21°C. Figure 3 , shows an example of the tracer gas measurement period. During the tests, the pressure difference across the building envelope was measured at floor level and in the middle level of the hall with EMA 84 micromanometers and a Squirrel datalogger. Indoor temperature was measured in the middle of the hall from the floor level almost up to the ceiling with NTC thermistors and a HP data acquisition unit. Outdoor temperature and wind conditions were measured using a wireless weather station (Davis vantage pro). No test was performed in wind conditions.
The tightness of the air curtain was calculated from the equation
where Q ac is the air leakage rate through the doorway with the air curtain on, and Q f is the air leakage rate through the doorway with the air curtain off. According to the measurements, with the door open, the height of the neutral pressure level was slightly above the middle height of the doorway. By adapting the Bernoulli's principle, it is possible to derive the equations for the air flows through the doorway from the pressure distribution of the doorway. By using the measured height of the neutral pressure level, the air flow rate from the outside to the inside is greater than the air flow from the inside to the outside, and the air leakage rate without the air curtain Q f can be estimated by using the equation 4
where 0 is the density of the outdoor air, and i is the density of the indoor air, C D is the discharge coefficient of the doorway, W is the width of the doorway, z no is the height of the neutral pressure level with door open and g is the acceleration due to gravity. Values of the discharge coefficient is found in the literature to be from 0,3 up to 0,8 10-13 . To define the discharge coefficient of the doorway of the vestibule, two tracer gas measurements were taken without the air curtain in two different outdoor temperatures. Using a discharge coefficient of 0,57, the tracer gas measurements and the calculated values were equivalent. For consistency, the air leakage rate Q f through the doorway, when the air curtain was off, was calculated in measurements stead from equation 2 using a discharge coefficient value of 0,57. Test cases and the main parameters in every test case are presented in table 1. In case 23 pressure data is missing.
Results
The tightness of the horizontal air curtains was not as high as was expected. The air leakages through the air curtains were 29 -44 % higher than those reported in the literature. With one-sided blowing, the highest value of the tightness was 57 %, and with two-sided blowing only 44 %. Measured tightness of the one-sided blowing was nearly as high as is reported in the literature with constant momentum nozzles 7 . Based on the measurement, it seems that the mean of the variable momentum of the nozzle is approximately 30 % of the tightness of the horizontal air curtain. The principle of the air curtain is to supply a jet over the whole doorway with sufficient discharge momentum to counter the pressure force acting across it due to temperature difference, wind and mechanical ventilation. In general, the starting point for the dimensioning is that the momentum force of the jet is equal to the force due to the pressure difference across the opening. The momentum force of the jet depends on the mass flow rate of the jet, its velocity and its discharge angle. The pressure difference across the doorway (figure 1) depends strongly on the height of the neutral pressure level, and because of this, it has a strong effect on the selection of the momentum of the jet. The momentum of the jet is most easily modified by changing the discharge velocity or angle. In the dimensioning process, the crucial question is what neutral pressure level we should use in the calculations in order to achieve the optimum tightness of the air curtain. From this point of view, figure 5 is very interesting. To achieve the optimum air curtain tightness, neutral pressure should drop to the level near the upper edge of the doorway. If the neutral pressure level is kept at the same level as in the closed door situation (z=7,7m), tightness of the air curtain will decrease. This is explained by the rise in discharge velocity. With a plane turbulent jet, the amount of the induction air from the surroundings to the jet depends on the velocity of the jet central line 14 . By increasing the discharge velocity, the kinetic energy of the jet is raised. The change in kinetic energy corresponds to the growth of the turbulence, which in turn increases the mixing quality of the jet and surrounding air.
The tests also showed that the momentum of the jet is not sufficient grounds for dimensioning. According to the tests, with the same momentum of the jet, depending on its discharge angle different air curtain tightness levels are achieved (figure 6). The discharge angle is the angle between the jet and the doorway surface (positive outwards, negative inwards). The selection of the discharge angle seems to affect the tightness of the air curtain considerably. Using a very small discharge angle decreases the tightness of the air curtain. This is explained partly by a higher discharge velocity and turbulence, however, there may be other parenthetic phenomena at the doorway at the same time as when the air curtain is working. Discharge angle (°) Tightness of the one-sided air curtain (%) Figure 6 . The tightness of the one-sided air curtain as a function of the discharge angle with a constant momentum flux.
Discussion
The effect of the tested air curtains with constant momentum nozzles on the reduction of the air flow rates through the doorway were lower than the air curtains with a variable nozzle momentum reported in the literature concerning the doorways of cold rooms. It seems that with constant momentum nozzles, the upper tightness limit is about 60 %. This requires one-sided blowing arrangements. With two-sided blowing, the tightness of the air curtains is 10 % lower. When the only criterion for the selection of the horizontal air curtain type is energy savings, one-sided blowing is the obvious solution. In any case, traffic through the doorway etc. may require a twosided blowing arrangement.
From the point of view of the dimensioning of the air curtain, the critical parameter affecting the tightness of the air curtain is the height of the neutral pressure level which is used in calculations of the jet momentum flux. Neutral pressure is a property of buildings and it is very difficult to define it without measuring it 16 . When the air curtain is working, the neutral pressure level is driven so that the mass balance of the air is come true. To achieve maximum tightness of the air curtain, one must select the blowing parameters (jet velocity, nozzle width, blowing angle) so that the leakage loss is at a minimum when the mass balance is come true. In tight buildings it is sufficient to consider only the doorway, but in other buildings we must extend this up to the building envelope level. Based on the measurements, the neutral pressure level, which should be used in dimensioning, seems to be somewhere between the neutral pressure height in closed door and open door situations, with relatively tight envelopes near the upper edge of the doorway. The most problematic issue is the variable pressure difference along the nozzle. It is not possible to only return the indoor air inwards unless the momentum of the jet is adapted according to the pressure difference at the whole height of the doorway.
Widening the nozzle reduces the blowing velocity, turbulence and mixing properties of the jet, and furthermore, improves the tightness of the air curtain. The effect of the nozzle width was not studied. If we prioritised the factors affecting the function of the air curtain, the effect of the nozzle width, at least from a theoretical perspective, is meaningless 17 . Widening the nozzle also makes it much more difficult to control the nozzle velocity profile and leads to massive structures which are very difficult to fit at the doorway.
The discharge velocity had a significant effect on the tightness of the air curtain. To avoid air leakages losses, we recommend using blowing angles above 20°. The discharge angle also effects the power consumption of the air curtain fan. With a large discharge angle, discharge velocity is lower, and consequence of this is that the pressure losses and power consumption of the fan decrease, in turn improving the economy of the air curtain system. High tightness of the air curtain is achieved only in a very narrow area of the discharge velocity. To avoid the breakdown of the tightness, the momentum of the jet has to be controlled. Because it seems that the discharge angle has an optimum area, it is recommendable to control the jet momentum by using nozzle width control or jet velocity control. Jet velocity control is the best option, because at the same time we can reduce the noise of the air curtain and moreover, jet velocity control is much easier to execute by using a frequency converter.
The structure of the doorway and vestibule must always be observed, when making energy calculations of the air curtains. The effect of the structure of the doorway can be as high as 10 -15 % depending on the discharge coefficient (flow losses and mixing in counter-flow). For example, two consecutive doorways efficiently mix the counter air flows at the doorways and decreases the air leakage through the doorway. Also the volume of the indoor area can affect the air exchange rate through the doorway. According to Kiel 15 , in a small space, outdoor air can not spread freely; on the contrary, it collides with the walls, returns to the doorway, and decreases air infiltration.
Tracer gas measurement is not a flawless method to measure air infiltration through the free doorway. In small spaces, the tracer gas decay method gives infiltration rates which are too low, because the indoor temperature drops rapidly, and the pressure difference across the building envelope decreases and air flow through the doorway diminishes.
From the perspective of draught prevention, it is better if the leakage of the air curtain is as small as possible. The most economical solution is not necessarily the best solution, because thermal comfort can require jet heating. If the jet is heated, a filter is needed to protect the heating coil from dust, and as a consequence of this, the pressure losses of the system rise and the power consumption of the air curtain unit increases.
